A right-right-left extension of the standard model (SM) is proposed. In this model, the standard model gauge group SU (2) L ⊗U (1) Y is extended to SU (2) L ⊗SU (2) R ⊗SU (2)
Left-right symmetric (LRS) models are one of the most attractive and aesthetics possibilities beyond the standard model (SM). [1] [2] [3] [4] Parity is spontaneously broken in these models which leads to a rich phenomenology of new physics. Furthermore, LRS models have a natural explanation for neutrino masses and mixing.
In this work, we present an interesting right-right-left extension of the SM with mirror symmetries. The idea of mirror symmetries was first discussed in Refs. 5, 6, 7. We shall see that predictions of the model presented in this work are within the reach of the high luminosity phase of the large hadron collider (LHC). The starting point is to extend the SM gauge group SU (2) L ⊗ U (1) Y to SU (2) L ⊗ SU (2) R ⊗ SU (2) ′ L are the mirror counter-parts of the gauge groups SU (2) L and SU (2) R , respectively. The left-and right-handed fermions on the SM side, live in the fundamental representation of the gauge groups SU (2) L and SU (2) R . This is similar to LRS models. [1] [2] [3] [4] On the other side, the mirror fermions are accommodated in the mirror-counter parts of the SU (2) L and SU (2) R . This is a unique feature of the model which is not explored in the literature yet.
Under parity, fermionic fields of the theory are assumed to transform as following:
where, ψ L , ψ R are doublets of the symmetries SU (2) L and SU (2) R , respectively. The doublets ψ The gauge fields corresponding to the non-Abelian gauge symmetries of the theory transform exactly in the same manner under parity. Thus, the behavior of the gauge fields under parity is given by
where W and X are the gauge fields corresponding to SU (2) L and SU (2) R . The gauge fields W ′ and X ′ correspond to the symmetries SU (2) The hypercharge operator Y can be written in the following way:
where T 3L and T 3R are the generators of SU (2) L and SU (2) R , and
are the generators of SU (2) ′ L and SU (2) ′ R , respectively. The electromagnetic charge operator is denoted by Q.
The left-and right-handed fermions under the
Y symmetry transform as following:
,
and
where i = 1, 2, 3 correspond to number of generations and Q iL,R and Q ′ iL,R denote the quark doublets, and L iL,R andL ′ iL,R denote the leptonic doublets. The quantum numbers for 
Therefore, covariant derivative reads
where
′ R , respectively. The generator Y corresponds to the gauge symmetry group
Now we discuss patterns of the spontaneous symmetry breaking (SSB). There are two ways to reach the SM group symmetry via SSB. The first scenario is to break the whole symmetry
In the alternative way, the full symmetry
The first scenario provides a symmetrical pattern of the scalar fields participating in the SSB and seems more elegant. Hence, we adopt this scenario in this work.
For initiating the SSB, we introduce two bi-doublets Higgs fields, ϕ and χ for providing the masses to the SM and mirror fermions. In addition to this, we may introduce singlets, doublets or triplets to raise the scale at every stage of the SSB. The doublet and triplet representations are particularly interesting. The triplet representation of the Higgs field is used in the so-called minimal left-right symmetric model (MLRSM) whose gauge symmetry is a subset of the symmetry considered in the present work. 8, 9 The triplet representation leads to the Majorana mass of neutrinos.
Hence, the scalar sector of the model under the
The above configuration will cover the first two steps of the SSB. The final two steps of the SSB which lead to the U (1) EM are performed by the following scalar fields:
The SSB occurs when the neutral components of the scalar Higgs fields acquire a vacuum expectation value (VEV). The pattern of VEVs in the first two stages of the SSB is following:
In the final two steps of the SSB, the VEVs of the scalar fields arrange themselves as given below
Depending on whether triplet or doublet representations of the scalar Higgs fields are used, the pattern of the SSB can be described in the following steps.
(1) The whole symmetry
is the unbroken generator after this step.
EM when the scalar field ϕ acquires a VEV and we obtain electromagnetic charge operator
. Thus, if we choose doublet representation to perform the SSB with the bidoublets ϕ and χ, symmetry breaking pattern takes following form:
where Y is the neutral counter-part of the SM neutral gauge boson Z. A possible pattern for the SSB is when VEVs are such that χ L ≥ χ >> ϕ R > ϕ . The detail study of the SSB is beyond the scope of this paper. The invariance of the the gauge-scalar and the Yukawa sectors under parity dictates the behavior of the scalar Higgs fields under parity. Thus, parity transformations of the Higgs fields are chosen as
As a result, the scalar field ϕ under SU (2) L ⊗ SU (2) R , and scalar field χ under
The transformations of the scalar fields ∆ R and ϕ R under SU (2) L ⊗ SU (2) R are given by
The scalar fields ∆ L and ϕ L transform under SU (2)
Now, we discuss the Yukawa sector of the model. The most general Yukawa Lagrangian for quarks can be written
whereφ = τ 2 ϕ * τ 2 andχ = τ 2 χ * τ 2 are charge-conjugated Higgs fields and τ 2 is the second Pauli-matrix. The Γ i and Γ ′ i (i = 1, 2) are 3 × 3 matrices in generation space and Γ i = Γ ′ † i due to parity. The Yukawa Lagrangian for the leptons can be written exactly in the same way. The structure of the leptonic Yukawa Lagrangian will depend whether we use a doublet or a triplet representation of the Higgs fields to perform the SSB. For example, if the doublets ϕ R and χ L participate in the SSB along with the bi-doublets ϕ and χ, the Yukawa Lagrangian for the leptonic sector reads
Again, the Π i and Π ′ i (i = 1, 2) are 3 × 3 matrices in generation space and Π i = Π ′ † i due to parity. In summary, we have discussed a right-right-left extension of the SM in this work. The main features of the model, which are prime motivations to explore its phenomenological consequences are as follows:
• The central idea of the present work is that the SM fermions live in the fundamental representations of the gauge groups SU (2) L and SU (2) R and their coupling constants are completely independent. This means, there is no parity invariance at this level. Now, the question is whether parity can be restored. The one possible option is to embed SU (2) L and SU (2) R in a larger symmetry. The other option is to assume that there are mirror symmetries SU (2) ′ R and SU (2) ′ L having mirror fermions in their fundamental representations. This is the scenario in this model which is proposed.
• Since coupling constant of SU (2) L and SU (2) R are independent, this is a different scenario in contrast to the MLRSM where both coupling constant are same due to parity invariance. Infact, it has been shown that a recent excess observed by the ATLAS and CMS collaborations 10-18 may be explained with different coupling constant for SU (2) L and SU (2) R .
19-28
• We also comment that recently observed di-photon excess 29, 30 by the ATLAS and CMS collaborations may be easily accommodated in this model with the help of new mirror fermions.
• There are no universal singlet fermions in the model under gauge groups SU (2). This is a unique feature of the model in compare to other models having mirror fermions.
31-36
• Parity restoration occurs at the scale of SU (2) ′ L . This is again different from the MLRSM where parity is expected to restore at the scale of SU (2) R .
• There is a four stage symmetry breaking in the model. The MLRSM contains only a two stage symmetry breaking.
• One of the main and remarkable features is the scalar sector which is elegant and optimum. There are four non-abelian gauge fields which acquire masses at the four stages of the SSB which occurs when exactly four scalar Higgs fields acquire the VEVs.
• We note that the approach of this work is to extend gauge sector to accommodate new fermions. On the other side, scalar sector has kept minimal. Apart from SU (2) L and SU (2) R , we have added two mirror symmetries SU (2)
′ L at the cost of only one scalar field χ.
• The noted feature of the scalar sector is that the scale of the scalar Higgs fields ∆ L or χ L is heavier than the scale of the Higgs fields ∆ R or χ R . In the MLRSM, the scalar Higgs fields ∆ L or χ L is supposed to have a tiny or vanishing VEV. In this model, the VEV of ∆ L is the heaviest one. This is a unique difference between the MLRSM and the proposed model in this work
when ϕ and ∆ R acquire a VEV. This feature is a main difference between this model and the MLRSM. In the MLRSM, the same thing occurs when ϕ, ∆ L and ∆ R acquire a VEV.
• The bi-doublet ϕ has a unique parity counter-part χ. In the MLRSM, the scalar field χ is absent.
• The scalar sector has a unique pattern. We have a light bi-doublet ϕ and its heavy parity counter part χ. There is a light triplet ∆ R and its heavy parity counter part ∆ L .
• There are two mirror symmetries SU (2) ′ R and SU (2) ′ L in the model which introduce six gauge bosons apart from the three gauge bosons associated with the group SU (2) R .
• This is remarkable that gauge sector also has a unique pattern. We have a light gauge boson W corresponding to the symmetry SU (2) L and a heavy gauge boson W ′ associated with the group SU (2) ′ L . Similarly, there is a light gauge boson X corresponding to the symmetry SU (2) R and a heavy gauge boson X ′ associated with the group SU (2) ′ R .
• The model has a scope for spontaneous CP violation. The bi-doublets ϕ and χ may have a complex VEV in general which could be the only source of CP violation. The mirror symmetries could have a large CP violation in comparison to the amount of the CP violation observed in the SM and in turn, may provide a solution to the matter-antimatter asymmetry of the universe.
• We note that due to parity, Yukawa couplings and mass matrices of the SM quarks are Hermitian conjugate to those of their mirror counter-parts. This means, at tree level, we obtain,
where θ QF D = arg detM Q and similarly for θ ′ QF D . Thus, the strong CP phasē θ tree = 0.
In the MLRSM, the minimum scale of the gauge bosons corresponding to the gauge group SU (2) R with parity invariance is around 3 TeV. 37 In the model proposed in this work, it may be possible to have the gauge bosons corresponding to the gauge group SU (2) R around 1-2 TeV. Now, we discuss the mass scale of the gauge bosons corresponding to the gauge groups SU (2)
′ L and new mirror fermions. In the mirror models discussed in the literature, for example in Refs. 35, 36, the scale of gauge bosons corresponding to the gauge group SU (2) R is around 10
8 GeV. This is because the Yukawa couplings of the mirror fermions are identical to that of the SM ones due to parity. Hence, if we wants to have heavy mirror fermions around 1 TeV, VEV of the Higgs field providing mass to gauge bosons corresponding to the gauge group SU (2) R should be of order 10
8 GeV or so. Thus, in compare to the MLRSM, the gauge bosons corresponding to the gauge group SU (2) R in these models are practically impossible to detect.
In the model proposed, gauge bosons corresponding to the gauge group SU (2) R are within the reach of the LHC since the VEV of the triplet Higgs field ∆ R could be around a few TeV. This is an important advantage of the proposed model over other mirror models discussed in the literature. [31] [32] [33] [34] [35] [36] However, since Yukawa couplings of the mirror fermions are identical to that of the SM ones due to parity, to keep masses of mirror fermions at TeV scale, the VEVs of the bi-doublet χ should be around 10 
GeV, the mass of mirror electron is 208 GeV. Hence, the masses of gauge bosons corresponding to the gauge groups SU (2)
GeV should be at least order of 10 8 GeV. The new mirror-fermions ψ ′ are heavy particles and are decoupled from the SM physics. The neutrinos ν ′ which are singlet under the SM could be a stable dark matter candidate. The quarks u ′ and d ′ have colour interactions under SU (3) c colour symmetry of the QCD. Furthermore, charged mirror fermions also have electromagnetic-interactions due to the U (1) EM symmetry which is common among the SM and the mirror fermions. Hence, mirror fermions can be produced through strong as well as electromagnetic interactions.
Since, mirror fermions and their SM counter-parts share same hypercharge, their electromagnetic charges are same. Hence, as discussed in Ref. 38 , there will be no fractionally charged hadrons and it should be possible to make mirror quarks light enough to satisfy baryon density of the universe.
In the non-minimal version of the model, for mirror fermions to decay in to the SM ones, we introduce a scalar bi-doublet η which transforms as (2,2,2,2,0) under SU (2) L ⊗ SU (2) R ⊗ SU (2) 
where due to parity Σ i = Σ ′ † i and they are 3 × 3 matrices in generation space. A similar Lagrangian can be written for the leptonic sector.
The Yukawa Lagrangian leading to decays of the mirror quarks to the SM ones, is following:
where due to parity K i = K † i and Λ i = Λ † i . We can write a similar Lagrangian for leptons.
The VEV of the Higgs bi-doublet η lies at the electro-weak scale. The Higgs bi-doublet η introduces large flavour-changing neutral current on the SM side. This can be cured by assumption of the alignment in flavour space which is proposed in Ref. 39 . A similar approach is also proposed in Ref. 40 .
Thus, we observe that the model contains interesting and rich phenomenological implications. The model has bright prospects to test its many features in the future high luminosity running phase of the LHC. The further details and phenomenological investigations will be provided in a future publication.
